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Introduction
▼
Despite criticism [2], the maximum accumulated 
oxygen deficit (MAOD) appears to be a valid [17] 
and reproducible parameter [19, 34] for estimat-
ing anaerobic capacity [19]. As the most accepted 
protocol to estimate anaerobic capacity, MAOD is 
often used to validate other methods that are 
proposed to measure this physical capacity 
[4, 16, 35, 36]. To calculate MAOD, the oxygen 
demand of an exhaustive effort is estimated by 
the relationship between oxygen uptake and sev-
eral submaximal intensities (VO2-intensity rela-
tionship) [17].
In swimming, anaerobic capacity may be meas-
ured by using a swimming flume [21, 22, 33] or a 
conventional swimming pool [28, 29], which 
require using a snorkel and valve system to deter-
mine oxygen uptake (VO2) during effort [14]. 
However, these protocols for anaerobic capacity 
determination increase the cost of the measure-
ments and can influence swimming technique, 
primarily by the absence of turns and the respi-
ration phase [3, 13]. Together, these swimming 
flume or snorkel and valve system-related facts 
cause difficulty for MAOD measurement during a 
training routine. Some studies have shown the 
effects of swimming training on MAOD values 
[21, 33] and the influence of different experi-
mental approaches on this parameter of anaero-
bic capacity in swimmers (i. e., the effect of hand 
paddles) [22]; however, the reproducibility of 
MAOD in an aquatic environment remains 
unclear.
Although previous studies have observed some 
alterations in swimming mechanics [9], tethered 
swimming efforts may be used to determine VO2 
in swimmers [26, 27]. In addition, the cardiovas-
cular stress (i. e., cardiac output) appears to be 
reproducible in tethered swimming [11], and the 
VO2 peak (VO2PEAK) values are similar to those 
determined in freestyle swimming [5]. Thus, 
tethered swimming may be used as an alterna-
tive method for the determination of MAOD 
because it presents the advantage of reduced cost 
compared with a swimming flume. Although 
previous studies have calculated the oxygen 
demand in tethered swimming [26], the repro-
ducibility of the VO2-intensity relationship 
should also be investigated.
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This study aimed to test the reproducibility of 
the maximal accumulated oxygen deficit (MAOD) 
values and VO2-intensity relationship parame-
ters as measured during tethered swimming. 9 
swimmers performed an incremental test to 
determine the maximal aerobic force (MAF), 6 
submaximal efforts to develop VO2-intensity 
relationship, and an exhaustive effort to deter-
mine MAOD. The tests were performed twice. 
The reproducibility of the measurements was 
tested using intraclass correlation (ICC), typical 
error (TE) and coefficient of variation (CV). High 
levels of reproducibility were observed for MAF 
(TE = 2.6 N; CV = 4.3 %; ICC = 0.98) and VO2-inten-
sity relationship parameters, as intercept 
(TE = 0.01 L.min − 1; CV = 11.4 %; ICC = 0.97), slope 
(TE = 0.002 L.min − 1.N − 1; CV = 3.1 %; ICC = 0.97) and 
coefficient of determination (TE = 0.02; CV = 1.8 %; 
ICC = 0.47). The MAOD values measured during 
the test (2.9 ± 1.1 L and 45.3 ± 14.0 mL.Kg − 1) and 
retests (2.9 ± 1.1 L and 45.2 ± 12.6 mL.Kg − 1) were 
highly correlated (absolute values: ICC = 0.93; 
relative to body mass values: ICC = 0.89) and pre-
sented low values of TE (0.3 L and 4.3 mL.Kg − 1) 
and CV (9.5 % for absolute and 9.6 % for relative to 
body mass values). Thus, we demonstrated the 
potential use of tethered swimming to assess 
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Thus, the primary aim of the present study was to investigate 
the reproducibility of the MAOD values and VO2-intensity rela-
tionship parameters in tethered swimming. Based on the repro-
ducibility of the cardiorespiratory parameters [11] measured in 
tethered swimming and on the reproducibility of the MAOD val-
ues and the VO2-intensity relationship with a cycle ergometer 
[34], we hypothesized that the parameters measured using teth-




The sample size was calculated based on the assumption that 
the reliability of MAOD presented a significant and strong cor-
relation with coefficients higher than 0.95 [34]. We used the 
G * Power 3.1 software (Düsseldorf, Germany) to determine the 
minimum sample size required to provide a statistical power of 
90 % with an alpha of 0.05 for the analysis. Thus, 9 swimmers 
(age: 18 ± 2 years; height: 167.6 ± 10.1 cm; body mass: 
62.3 ± 8.7 kg; body fat: 21.5 ± 11.7 %), including 4 males (age: 
19 ± 1 years; height: 176.2 ± 6.9 cm; body mass: 69.6 ± 6.7 kg; 
body fat: 11.2 ± 5.5 %) and 5 females (age: 18 ± 2 years; height: 
161.2 ± 5.2 cm; body mass: 55.1 ± 5.2 kg; body fat: 28.3 ± 7.1 %), 
voluntarily participated in the current study. The participants 
had specialized in medium/long (22.2 %) or short (77.8 %) dis-
tance swimming in regional and national level competitions for 
at least 5 years. The swimmers used tethered swimming efforts 
during the competitive phase of training. The procedures were 
approved by the Institutional Review Board for Human Subjects 
of the University (Human Research Ethics Committee). Athletes 
and their parents were informed about the experimental proce-
dures and provided a written informed consent form authorizing 
the swimmers’ participation in the study. This study was per-
formed in accordance with the ethical standards of the IJSM [10].
Experimental design
Participants performed 12 swimming sessions with at least 24 h 
of recovery between each session. Evaluations were performed 
during the test and retest conditions in the following order: 
1) graded exercise test in tethered swimming to determine the 
maximal aerobic force (i. e., higher force achieved during the 
test; MAF); 2) 6 submaximal efforts performed in random order 
with a maximum of 2 efforts per day, with intensities ranging 
from 50 to 95 % of MAF; and 3) maximal effort at 100 % of MAF. 
Thus, at the end of the experimental design (i. e., test and retest 
conditions), 2 values of MAF, 12 submaximal efforts and 2 maxi-
mal efforts were obtained ( ●▶ Fig. 1).
All efforts were performed after a standardized warm-up 
(~1 000 m) in a 25-m swimming pool at 28 ± 1 °C. To reduce the 
learning effects, one week before the beginning of the study, the 
swimmers performed 4 sessions of familiarization in tethered 
swimming (i. e., 10–20 min in intensities ranging from moderate 
to maximal, as determined subjectively). The graded exercise 
test started 24 h after the last adaptation session. All sessions 
were performed in the crawl style and at the beginning of the 
periodization (i. e., endurance phase), in which most training 
sessions are performed with intensities below or at the anaero-
bic threshold. Thus, no significant differences arose between 
sprinters and medium/long distance swimmers. Only the MAF 
values were analyzed during the experimental approach, which 
allowed for the prescription of submaximal and maximal efforts. 
Thus, all of the analyses required to build the VO2-intensity rela-
tionship and determine MAOD were performed after all of the 
data were collected. This approach was chosen to avoid possible 
trends in data analysis performed by different researchers.
Instrumentation
The force and VO2 were continuously monitored during all 
efforts. The force was measured using a dynamometer (HOMIS 
2100, São Paulo, Brazil) equipped with a load cell (100 kg-capac-
ity primary weighing sensor). The load cell was attached to the 
starting block, and the athletes were connected to it using a 
6-meter-long elastic cord (Auriflex, n ° 204, São Paulo, Brazil). 
Data from the load cell were registered every 2 s and recorded 
using specific software (Lutron SW-U801, Taipei, Taiwan). This 
system was previously calibrated with the superposition of 
known weights (e. g., 500 g of variation between each weight). 
For this, the dynamometer was fixed, and each known weight 
was suspended for at least 30 s, which allowed for the determi-
nation of force display values. Thus, a linear function was built 
with known weights and force display values, which resulted in 
a perfectly correlated relationship (r2 = 1). Although the real val-
ues of force can be altered using an elastic cord, the high linear-
ity of the dynamometer system indicates that the error in force 























Fig. 1 Experimental design performed in test and 
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time adjustments for the swimmers’ positions were performed 
for maintenance of prescribed force, decreasing the possible influ-
ence of variation on tension produced by using elastic cords. The 
same elastic cord was used in both the test and retest conditions.
For the determination of VO2, the mask of a gas analyzer 
(VO2000, Medgraphics, Saint Paul, Minnesota, USA) was replaced 
with a snorkel [25, 27]. The equipment was calibrated according 
to the manufacturer’s specifications before the beginning of 
each test, and the VO2 values were obtained for cycles of 3 
breaths each. This type of gas analyzer was previously used to 
determine physiological variables in tethered swimming [25, 27] 
and MAOD [16, 36].
Tethered-swimming graded-exercise test
The incremental test was performed until volitional exhaustion 
or when the swimmers were unable to sustain a predetermined 
force for at least 10 s. The initial intensity of the incremental test 
was 20 N, with increments of 10 N every 3 min. The intensities 
and increments were applied using tags on the pool floor as pre-
viously published [25]. The force for each stage was represented 
by the average values observed at the last minute of the effort. 
The MAF was used to determine individual submaximal intensi-
ties. When the athlete became exhausted before the end of the 
stage, the MAF was adjusted by Kuipers et al. [15] equation and 
adapted for tethered swimming [25]. The incremental test was 
repeated on 2 different days to test the reproducibility of MAF 
values.
Submaximal	and	maximal	efforts
6 submaximal efforts were performed in random order to deter-
mine the VO2-intensity relationship. The efforts lasted 7 min and 
included intensities ranging from 50 to 90 % of MAF. At most, 2 
submaximal efforts were performed during each day session, 
with an interval of at least 15 min between them. This passive 
interval allowed the VO2 to return to baseline values (i. e., values 
observed 2 min before the tests). The real intensity of each sub-
maximal effort was the mean force values observed during the 
last 30 s of the effort. The mean values of VO2 observed during 
the last 30 s of the effort were considered to be the steady state 
of VO2 for the corresponding intensity.
In addition, the athletes were submitted to an effort with inten-
sity corresponding to 100 % of MAF until volitional exhaustion to 
determine the time to exhaustion (Tlim) and accumulated VO2. 
This intensity was selected because it allowed the consistency of 
the swimmer for more than 2 min [25] and did not influence the 
MAOD values [18]. The VO2 observed in the last 30 s of this max-
imum effort was considered the peak value of VO2 (VO2PEAK) for 
this intensity. After 48 h, the submaximal and maximal efforts 
were repeated to test their reproducibility.
MAOD determination
Before the beginning of the previously described maximal effort, 
swimmers remained at rest for 10 min for the baseline oxygen 
uptake determination (i. e., mean of the last 2 min; VO2BAS). Dur-
ing the maximum effort performed at 100 % of MAF, swimmers 
were instructed to keep their head aligned to the tags located at 
the bottom of the pool as long as possible; however, the devel-
oped force presented some variation. Therefore, the area of theo-
retical O2 demand cannot be considered rectangular (i. e., 
demand for maximum intensity × Tlim), as occurs on a cycle 
ergometer or treadmill.
Thus, the force and the VO2 observed during the maximal effort 
were interpolated to obtain the values of every second of the test 
(OriginPro 6.0, Microcal, MA, USA). Open symbols in  ●▶ Fig. 2 rep-
resent the O2 demand for each force value observed in every sec-
ond of maximum effort. O2 demand was obtained by the 
extrapolation of the VO2-intensity relationship. Therefore, the 
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Fig. 2 O2 demands for the force values observed 
in every second of each test determined by ex-
trapolation of the VO2-intensity relationship (open 
symbols) and the VO2 measured during the maxi-
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integral of the O2 demand for each value of force and the accu-
mulated VO2 (i. e., integral of the VO2 observed during the test; 
represented by closed symbols in  ●▶ Fig. 2). The MAOD values 
were expressed in absolute (L) and relative to body mass values 
(mL.Kg − 1).
Statistical analysis
The normality of the data was tested and confirmed by the Sha-
piro-Wilk’s test, which allowed for the use of parametric statis-
tics. The results are presented as the means and standard 
deviation (mean ± SD). The reproducibility of the studied varia-
bles was measured using Student’s t-test for dependent samples 
together with the determinations of the effect size (ES), typical 
error (TE), coefficient of variation (CV) and intraclass correlation 
coefficient (ICC). TE and CV were calculated [12]. ES was classi-
fied as negligible (< 0.35), small (0.35–0.80), moderate (0.80–
1.5) and large (> 1.5) [30]. All analyses were conducted using the 
Statistical Package for Social Science software, version 17.0 (SPSS 




The duration of the incremental tests performed to determine 
MAF ranged from 8.48 min and 24.00 min in both the test 
(14.8 ± 1.9 min) and retest conditions (15.2 ± 2.0 min) (p-value = 0.34; 
ES = 0.06 [negligible]), presenting high levels of reproducibility 
(TE = 0.8 min; CV = 5.1 % and ICC = 0.98).  ●▶ Fig. 3 demonstrates the 
mean VO2 corresponding to 6 submaximal efforts observed in 
both conditions. No significant differences were observed for 
VO2 (0.12 < p-value < 0.97; ES = 0.02–0.28 [negligible to small]) 
and force (0.14 < p-value < 0.39; ES = 0.04–0.10 [negligible to 
small]) between the test and retest. MAF and the linear regres-
sion parameters used to determine the VO2-intensity relation-
ship were not different (0.09 < p-value < 0.94; ES = 0.06–0.18 
[negligible to moderate]) and showed very low values of TE and 
CV between test and retest ( ●▶ Table 1). In addition, MAF and the 
linear regression parameters presented significant correlations 
between the test and retest ( ●▶ Table 1). The lower coefficients of 
determination observed during test and retest were 0.91 and 
0.93, respectively.
 ●▶ Table 2 shows the variables observed during the maximal 
effort performed at 100 % of the MAF during the test and retest. 
No significant differences between these conditions (0.18 < 
p-value < 0.80; ES = 0.09–0.41 [negligible to small]) were 
observed for the analyzed variables. However, the TE and CV val-
ues and the lack of significant correlations demonstrate a con-
siderable individual variation between the test and retest 
conditions ( ●▶ Table 2). The minimal and maximal values for Tlim 
in both conditions were 151 s and 356 s, respectively. No differ-
ence was observed for MAOD values between the test and retest 
(p-value > 0.87; ES < 0.02 [negligible]). In addition, low values of 
TE and CV were accompanied by very strong correlations, which 
demonstrated the similarity of MAOD values during both test 
and retest ( ●▶ Table 2).
Discussion
▼
Confirming the initial hypothesis, the main finding of the present 
study demonstrates that tethered swimming can be used to meas-
ure VO2-intensity relationship parameters and MAOD values.
Several previous studies measured MAOD during swimming 
efforts [21, 22, 28, 29, 33]. Normally, these investigations named 
this index as accumulated oxygen deficit (AOD), which was 
determined during a non-exhaustive effort (i. e., constant-dis-
























Fig. 3 Linear relationship between oxygen con-
sumption (VO2) and the force during 6 submaximal 
efforts performed during test (closed symbols) and 
retest (open symbols). VO2-intensity parameters 
were relative to a linear relationship constructed 
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the intensity is too high, the distance (free swimming) or dura-
tion of effort (tethered swimming) used did not necessarily lead 
swimmers to exhaustion, which may underestimate the maxi-
mal anaerobic contribution during exercise (i. e., anaerobic 
capacity or MAOD). The relationship between MAOD and anaer-
obic metabolism of swimmers was evidenced by 1) no effect of 
acute hypoxia exposition (i. e., independence of aerobic metabo-
lism) [20]; 2) higher values induced by hypoxia training, which 
is related to improvements in muscle buffering capacity (i. e., 
tolerance to anaerobic metabolites) [20, 31]; and 3) values that 
are sensitive to 2-week high-intensity training but not to con-
tinuous low-intensity training (i. e., 70 % do VO2PEAK for 60 min) 
[20]. Thus, MAOD is a good tool for monitoring non-oxidative 
training adaptations.
The MAOD values observed in the present study (2.9 L; 45.3 mL.
Kg − 1) were similar to those reported in swimming flumes (from 
2.4 to 2.9 L) [21, 22] but higher than those observed in free (from 
11.9 to 23.1 mL.Kg − 1) [28, 29] and tethered swimming (34.3 mL.
Kg − 1) [26]. Although the performance standard of the swimmers 
was similar in the above-mentioned investigations (i. e., 
VO2PEAK~52.2 mL.Kg − 1), differences in the MAOD values may be 
explained by factors related to the methods used to construct a 
VO2-intensity relationship (e. g., with 200 m efforts) and to the 
characteristics of maximal efforts (e. g., constant-distance 
efforts) [17–20].
The characteristics of the VO2-intensity relationship appears to 
influence the MAOD values [6, 7]. Although Medbo et al. [17] 
proposed the use of 20 submaximal efforts, other investigations 
have shown that parameters of the VO2-intensity relationship 
may be determined by using a smaller number of submaximal 
efforts with a duration longer than 6 min [26, 28, 29, 34–36]. In 
this context, if only moderate intensities are applied during sub-
maximal efforts (i. e., without exercise near VO2PEAK intensity), 
the MAOD values appear to be altered more when the VO2-
intensity relationship is built using extreme values (low and 
high intensities) [19]. Thus, in the present study, the submaxi-
mal intensities ranged between 47.2 and 96.1 % of MAF, thus 
decreasing the possible effects of a small number of submaximal 
efforts [19]. The only other study that investigated the reproduc-
ibility of the VO2-intensity relationship used 6 submaximal 
efforts [34], and this parameter is usually measured by a small 
number of efforts in free [28, 29] and tethered swimming [26]. 
Thus, using similar procedures as previous studies in cycling 
[34], we observed reproducibility of the parameters of the VO2-
intensity relationship in tethered swimming and demonstrated 
very low values of TE and CV that were accompanied by very 
strong values of ICC between the test and retest.
The intercept observed in the present study demonstrated nega-
tive values. Peyrebrune et al. [26] showed similar results in teth-
ered swimming, when the VO2-intensity relationship was 
determined using 4 submaximal efforts lasting 5 min. The 
authors suggested that the negative values of the intercept may 
be related to a mechanical inefficiency that occurs at lower 
intensities in tethered swimming (i. e., no-propulsive use of 
legs), thereby contributing to a disproportional increase in VO2 
that can lead to curvilinearity of the VO2-intensity relationship 
[26]. In the present investigation, we used the same procedures 
of Peyrebrune et al. [26] and determined the VO2-intensity rela-
tionship by using high coefficients of determination (i. e., 
0.91 < R2 < 0.99), which decreases the possible mistakes in the 
measurement of O2 demand during the test and retest. The mod-
erate correlations for the coefficient of determination observed 
between the test and retest may be explained by high homoge-
neity of these values, which influences the ICC analysis [12]. 
However, low TE and CV values indicate similarity between the 
test and retest and thus demonstrate the reproducibility of the 
coefficient of determination in tethered swimming.
Table 1 Mean values, standard deviation, effect size (ES), typical error (TE), coefficient of variation (CV) and intraclass correlation coefficient (ICC) of the 
maximal force reached during the incremental test (MAF) and of the parameters related to the VO2-intensity relationship parameters during test and retest 
situations.
Test Retest ES TE CV ICC
MAF (N) 59.4 ± 19.3 60.6 ± 19.5 0.06 2.6 4.3 0.98 * 
Slope (L.min − 1. N − 1) 0.08 ± 0.02 0.08 ± 0.01 0.18 0.002 3.1 0.97 * 
Intercept (L.min − 1)  − 0.84 ± 0.51  − 0.79 ± 0.50 0.09 0.01 11.4 0.97 * 
R2 0.96 ± 0.02 0.96 ± 0.03 0.01 0.02 1.8 0.47 * 
R2: Coefficient of determination;  * significant intraclass correlation coefficient (p < 0.05)
Test Retest ES TE CV ICC
Mean force (N) 56.4 ± 20.3 58.2 ± 20.3 0.09 2.1 3.6 0.99 *
Tlim (s) 268.9 ± 78.2 241.7 ± 55.1 0.41 47.9 18.8 0.50
Accumulated O2 demand (L) 15.0 ± 4.0 14.0 ± 2.9 0.28 2.6 17.9 0.43
VO2ACU (L) 12.1 ± 3.7 11.2 ± 2.7 0.29 2.7 23.4 0.29
VO2BAS (L.min − 1) 0.5 ± 0.1 0.5 ± 0.1 0.39 0.1 17.4 0.33
VO2PEAK (L.min − 1) 3.3 ± 0.9 3.2 ± 0.9 0.16 0.3 8.9 0.90 * 
MAOD (L.O2) 2.9 ± 1.1 2.9 ± 1.0 0.02 0.3 9.5 0.93 * 
MAOD (mL.Kg − 1) 45.3 ± 14.0 45.2 ± 12.6 0.01 4.3 9.6 0.89 * 
Mean force: mean force entire maximal effort; Tlim: time to exhaustion; Accumulated O2 demand: integral of oxygen demand to force 
obtained by VO2-intensity relationship; VO2BAS: oxygen uptake in baseline (i. e., 2 min before the beginning of the maximal effort); 
VO2ACU: integral of the oxygen uptake by the effort time; VO2PEAK: mean of the oxygen uptake observed in the last 30 s of effort; MAOD: 
maximal accumulated oxygen deficit; * significant intraclass correlation coefficient (p < 0.05)
Table 2 Mean values, standard 
deviation, effect size (ES), typical 
error (TE), coefficient of variation 
(CV) and intraclass correlation 
coefficient (ICC) for the variables 
measured during the maximal 
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The present study did not verify the significant differences 
between the parameters that were measured at maximal effort 
during the test and retest; however, high values of TE and CV 
with no significant correlations were observed. These results 
contrast the observations made in cycling [34] and running tests 
[8]. However, in swimming, Alberty et al. [1] demonstrated that 
the velocity-constant effort was less reliable than distance-con-
stant exercise was. This difference was attributed to a difference 
between the test and normal training/competition situations 
imposed on swimmers (i. e., fixed distances) [1]. In addition, psy-
chological factors such as motivation and boredom may influ-
ence the Tlim in constant-power exhaustive efforts [1, 32]. The 
results of the present study also demonstrated that intensity-
constant effort presented low values of reproducibility in swim-
mers, which can be explained by the lack of experience of 
swimmers in this type of exercise, as previously observed on a 
smaller scale in free swimming [1].
The current data reinforce the previous results showing that the 
MAOD values remained unchanged when they were determined 
during different maximal intensities (i. e., different Tlim) 
[17, 18, 34]. In swimming, Ogita et al. [23] observed stabilization 
in anaerobic contribution obtained by efforts with exhaustion 
between one and 6 min, thus demonstrating that MAOD can be 
archived during efforts with this range of Tlim. Thus, based on 
the Tlim values observed in tethered swimming using the same 
procedures [25], the present study measured the MAOD values 
during a maximal effort performed at 100 % of MAF, thus ensur-
ing the maximal values of the anaerobic contribution (i. e., Tlim 
between one and 6 min). Moreover, the intensity used in the 
present investigation corresponds to the severe domain, which 
allows the maximal values to be reached [23] and avoids a mis-
calculation of the MAOD values (i. e., negative values; [24]). As 
observed in studies using a cycle ergometer [34], our results 
demonstrated the high reproducibility of MAOD values meas-
ured during tethered swimming, even with the large within-
subject variation observed for Tlim values.
It is known that changes in swimming mechanics may occur 
during tethered swimming [9]; however, we used this specific 
methodological procedure to measure the MAOD values during 
continuous efforts. In fact, the turns and undulations observed 
during free swimming could compromise the oxygen uptake 
kinetics during submaximal and maximal efforts and could thus 
influence the determination of the VO2-intensity relationship 
and the accumulated VO2 during the maximal effort performed 
at 100 % of MAF. In summary, the present results demonstrate 
that tethered swimming may be used as an alternative test 
method for the determination of MAOD values and VO2-inten-
sity relationship parameters, presenting a reduced-cost test 
compared with using a swimming flume. Although the intro-
duction of this methodology during training routines is unlikely 
due to the necessary number of sessions (8–9 days), researchers 
can use these results to validate tools with easy application for 
anaerobic capacity assessments of swimmers. Thus, the present 
study may contribute to an increase in investigations of the role 
of anaerobic capacity during swimming.
According to the present data, it is possible to conclude that the 
MAOD values and the VO2-intensity relationship parameters 
measured in tethered swimming showed high reproducibility 
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